Abstract: This paper reports piezoelectrically driven and sensed micromirrors achieving extremely large total optical scan angle of 106° and high frequency of 45 kHz at 22 V. To reach such large angles, extensive FEM-simulations relating to fracture strength of poly-Si, of which these micromirrors primarily consist, have been performed. Meanwhile, high Q-factor of more than 5000 under ambient conditions and low power consumption of 10.3 mW were measured. Moreover the piezoelectric elements enable position sensing and based on the feedback signals closed-loop control has been developed.
Introduction
Piezoelectric micromirrors combine advantages of high torque and low power consumption. Mostly piezoelectric micromirrors are driven by beam actuators, which consume power due to their bending motions. Considering a micromirror plate and actuators as an entire system the power should be consumed primarily for mirror torsion than actuator bending to raise the efficiency, which can be enabled by mechanical amplification using a leverage mechanism [1] . However, previous works showed the maximum achievable scan angles of piezoelectric micromirrors are strongly affected by the maximum breaking strength of the used material [2] . Thus, fracture strength of poly-Si, which is the basic material for micromirrors in this work, has been studied by FEM-simulations for optimizing the mirror designs. The achieved large scan angles of the mirrors have proven the results of the design optimization. A closed-loop control for piezoelectric micromirrors based on capacitive sensors was reported in [3] . Also integrated piezoresistive sensors were described in [4] . Despite the great sensor sensitivities hybrid integration of capacitive sensors and expensive fabrication of piezoresistive sensors remain their tradeoffs. Thus, integrated piezoelectric sensors, which cost no extra fabrication step, and appropriate closed-loop control have been studied and will be shown in this work.
Design, FEM Simulation and Fabrication

Basic Design
The presented micromirrors possess two piezoelectric beams (actuator and sensor) surrounding a central circular mirror plate, which are linked to each other by the connecting bars and torsion bars The PZT beams not only drive the mirror but also amplify its displacement as levers. This mechanical efficiency of the system has been verified by the Laser-Doppler-Vibrometry measurements and the result will be shown in Section 3.
Fracture Behavior and Design Optimization
As above mentioned, previous work already showed that due to the large enough torque delivered by PZT actuators, the achievable scan angles are usually limited by the fracture strength of poly-Si, of which the micromirrors primarily consist. FEM-simulations have been thus performed to localize the cracking origins of the micromirrors and quantify the mechanical stress causing such device failures. Figure 2 shows the maximum Von Mises Stress of about 1.8 GPa appears on the torsion bar and adjacent to the connecting bar, if a scan angle of 15° the micromirror with design S is achieved. According to work [5] the location of stress maximum has been identified as the crack origin and design optimization has been performed by tuning the springs geometries, which allow the micromirrors to reach the same scan angles, while the maximum Von Mises Stresses are reduced, as Figure 3 shows. Design E5 und E4 apply different rounding, meandering springs as torsion bars and the maximum Von Mises Stresses are reduced to 1.6 GPa and 1.4 GPa. 
Measurement Results
The leverage amplification effect was proven by LDV and the recorded results are shown in Figure 4 . The mirror plate has much larger displacement than the actuators, when they are driven in the torsional mode and the amplification factor approximates 30. The characterization results of different three design types in Figures 2 and 3 are shown in the following table (Table 1) . The last point of this work is to investigate position sensing and closed-loop control of the micromirror. One of the position sensing approaches is to use one of the PZT cantilever as the position sensor, while the second one severs as the actuator. Figure 5a shows the PZT sensing signal in frequency domain. After a simple signal processing of 64 averaging this signal shows already a good signal quality of 45 dB SNR, while the mechanical scan angle was only 0.7°. Since this micromirror can achieve a mechanical scan angle of 26.5° meaning a full field of view of 106°, the total sensing resolution is larger than 12 bit [5] . Based on this great signal quality closed-loop control has been developed, as Figure 5b demonstrates. The first driving signal is delivered by a controller, which is converted by a Digital-Analog-Converter (DAC) and amplified by a booster, before it reaches the micromirror. Then analog sensing signals from the micromirror are processed by an Analog-Frond-End (AFE) and ADC (Analog-Digital-Converter), before they are demodulated, processed and feed to a Phase-Locked-Loop (PLL), which compose the closed-loop control. 
Outlook and Discussion
This work presents, large total optical scan angles, high frequencies, high Q-factor have been realized by the presented micromirrors consuming low power. Feedback signals of PZT position sensors of large SNRs were obtained, which enables 12 Bit sensing resolution. However, some design adaptions should be conducted, since at such large scan angles and high frequencies dynamic deformation of the mirror plate is calculably large, which can be simply reduced by using thicker mirror plate (larger thickness of poly-Si) [5] . Moreover, improvements regarding the material long-term stability are also needed to reduce the performance degradation for long driving term.
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